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TITLE OF THE INVENTION 

FUEL PUMP AND DIRECT FUEL INJECTION ENGINE 

BACKGROUND OF THE INVENTION 

[0001] This application claims the priority of Application No. 2001-345505, 
filed November 12, 2001, in , the disclosure of which is expressly incorporated by 
reference herein. 

[0002] The present invention relates to a fuel pump for supplying fuel in an 
internal combustion engine and a direct fuel injection engine, and particularly to 
a fuel pump used for a high pressure pump of a fuel injector for a direct fuel 
injection engine of a vehicle in which fuel is directly injected into a combustion 
chamber from the fuel injector attached to the combustion chamber of the vehicle 
engine, and to the direct fuel injection engine. 

[0003] In general, an in-cylinder direct fuel injection device requires a high 
pressure pump capable of supplying gasoline into cylinders of an internal 
combustion engine with a high pressure above 3 MPa because it is necessary to 
directly inject gasoline into the cylinders even at the compression stroke. 
[0004] One type of the high pressure pumps is a radial plunger high 
pressure fuel pump. A high pressure fuel pump of this type is disclosed, for 
example, in Japanese Patent Application Laid-Open No. 10-318091. 
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[0005] Another type of the high pressure pump is a slant-plate axial plunger 
pump in which a rotating motion of a slant plate rotated by a shaft inside a 
housing is converted to an oscillating motion by an oscillating plate, and fluid is 
sucked and pressurized to be delivered at a high pressure by a plunger 
reciprocally moved by the oscillating motion of the oscillating plate. The slant- 
plate axial plunger pump is disclosed, for example, in Japanese Patent 
Application Laid-Open No. 9-236080. 

[0006] In the fuel pumps having these structures, fuel is sucked and 
delivered by the motion of a reciprocally moving piston or pistons inside a fuel 
chamber of a mechanism portion generating a high pressure, and thereby the 
fuel is pressurized to a high pressure. Accordingly, fluid existing in the fuel 
chamber is only the fuel of gasoline. Therefore, the gasoline acts as a lubricating 
oil at a sliding portion in each mechanism. Further, at a potion other than the 
fuel chamber, sliding in various kinds of the mechanisms converting the rotating 
motion to the reciprocal motion is performed using a lubricating oil under 
condition of a high speed (high peripheral speed) and high surface pressing 
pressure. 

[0007] As for the wear-resistant sliding members, Japanese Patent 

Application Laid-Open No. 7-216548 discloses, for example, a wear-resistant 
sliding member of a fuel injection nozzle device in which a nitride film is formed 
by plasma nitriding treatment at a portion in the fuel injection nozzle relatively 
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contacting to or sliding on another member, and a TiCN film is further formed by 
plasma CVD on the nitride film. 

[0008] The surface treated layer of the prior art will be described below. It is 
described that a method of forming the film is plasma CVD, and the material of 
the hard film is a TiCN film. Further, in regard to thickness of the surface 
treated layer, the nitride film is 5 to 20 (am thickness, and the TiCN is 2 to 10 u.m 
thickness. Accordingly, the range of the thickness of the surface treated layer 
becomes 7 jam at minimum and 30 jam at maximum. Since the film is generally 
formed under a pressure of several Pa by the plasma CVD, the plasma CVD 
method is better than the PVD method in treatment of a narrow portion due to 
the mean free path (traveling distance of a particle in a gas atmosphere without 
collision), but the difficulty of treatment is nearly equal to each other. On the 
other hand, since chlorine of a component of a feed gas is mixed into the film, 
there is a problem in that the film properties such as corrosion resistance, wear 
resistance, hardness and the like are degraded. 

[0009] The TiCN film has a property of combining the properties of TiN and 
TiC which compensate individual problems each other. The hardness of the film 
is within a range of Hv 2500 to 3000, but the friction coefficient is generally as 
high as 0.6. On the other hand, the friction coefficient of carbon group films 
(DLC) is a very low value below 0.1. Forming of the nitride film © makes the 
surface roughness of the TiCN film fine. It is described that a purpose of 
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increasing the hardness of the base material is © to improve the ability of 
preventing the TiCN film from peeling. However, it is not described on the 
reason why the thickness of the TiCN film is set to 5 to 20 |tim. It is described 
that the effect of the TiCN film as a wear resistant film is insufficient when the 
thickness is thinner than 2 jam, and a bad influence due to internal stress of the 
TiCN film occurs when the thickness is thicker than 10 um. On the other hand, 
the carbon group film (DLC) has an excellent wear resistance even when the 
thickness is 0.5 to 1.5 jam. 

[0010] In recent years, it is desired to apply an in-cylinder direct fuel 
injection device to the combustion engine, particularly, to the gasoline engine for 
vehicle in order to improve the fuel consumption characteristic, to reduce the 
amount of harmful exhaust gas and to improve the driving response such as an 
acceleration performance. 

[0011] In the fuel pump of the in-cylinder direct fuel injection device, the 
sliding portions in the pump portion (pressurizing portion) inside the fuel 
chamber slide on each other under a high surface pressing pressure condition in 
the fuel (gasoline). Therefore, the portions are considered to be main wearing 
portions because the portions slide on and contact with each other under a high 
surface pressing pressure. 

[001 2] In the mechanism portion in the pump portion inside the fuel 
chamber such as the plunger and the cylinder for pressurizing fuel (gasoline), the 
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sliding between the plunger and the cylinder is performed in the fuel. When 
gasoline is used as the lubricating oil of the sliding environment, both of the 
sliding surfaces of the sliding mechanism portions are easily worn because the 
viscosity of gasoline is extremely small compared to the viscosity of a normal 
lubricating oil. 

[0013] In addition, gasoline added with methyl alcohol or methyl alcohol, or 
degraded gasoline is sometimes used as the fuel. The gasoline of such kind 
sometimes forms an oxidizing wearing environment. In such a case, the 
environment to wearing of the contact portions of the sliding mechanism portion 
becomes severer, and accordingly the wearing amount of the sliding portions is 
considered to be increased. 

[0014] When the sliding mechanism portion in the fuel chamber, that is, the 
contact portions between the cylinder and the plunger reciprocally moving in the 
cylinder are worn to increase the wearing amount, the suction and delivery 
efficiency may be decreased, and the reliability may be also decreased. 
[0015] On the other hand, in the radial plunger pump, a driving cam 
rotationally moved at a high speed by a transmitted driving force of the engine 
and a lifter for converting the rotational motion to reciprocal motion slide on 
each other under an environment of insufficient supply of a lubricating oil 
(engine oil). Therefore, the seizing resistance and the wear resistance of the 
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driving cam and the lifter from a low speed range to a high speed range are 
required. 

[0016] Further, in the rotating slant plate axial plunger pump, the slant 
plate and the slipper for converting rotation of the shaft to reciprocal motion 
slide on each other in a lubricating oil (engine oil). Although the sliding is 
performed in the lubricating oil (engine oil), severe requirement for the 
properties of the materials may be required depending on the condition of 

I* sliding. That is, the seizing resistance and the wear resistance of the members 

p 

tn from a low speed range to a high speed range are required. 

M [0017] In other words, there is a problem in that occurrence of abnormal 

Hi 

s wearing, that is, seizing in the slant plate and the slipper or the driving cam and 

X U the lifter of the sliding mechanism portion causes stopping of operation of the 

fff 

k§ fuel pump. 

o 



[001 8] Therefore, each part in the sliding mechanism portion is required 
durability, particularly, wear resistance and corrosion resistance in fuel having 
less lubricity, or in a fuel containing an oxidative component, or further in a 
lubricating oil such as engine oil. 

[0019] In Japanese Patent Application Laid-Open No. 8-35075, there is 
description that an ion nitride layer is formed, and a hard layer composed of a 
nitride, a carbide or a carbonitride of at least one kind selected from the group 
consisting of Ti, Zr, Hf, V, Nb, Ta and Cr is formed on the ion nitride layer 
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through a PVD method. It is disclosed to apply it to a metal mold in order to 
improve the adhering property and the durability. However, the seizing 
resistance, the wear resistance and the corrosion resistance under a high 
temperature and high surface pressing pressure condition are not discussed. 

SUMMARY OF THE INVENTION 

[0020] An object of the present invention is to provide a fuel pump of which 
the sliding mechanism parts inside the fuel chamber have a good seizing 
resistance, a good wear resistance and a good corrosion resistance in a 
lubricating oil (engine oil), or in a fuel having a less lubricity, or further in a fuel 
containing a oxidative component, and to provide an direct fuel injection engine 
using the fuel pump. 

[0021] In order to attain the above-described object, one of the features of a 
fuel pump in accordance with the present invention is that in a fuel pump 
pressurizing fuel to supply the fuel to a fuel injector of a vehicle engine, films 
having corrosion resistance and wearing resistance are formed individually on 
surfaces of members contacting with and sliding on each other. 
[0022] Further, another feature of a fuel pump in accordance with the 
present invention is that members contacting with and sliding on each other in a 
lubricating oil are made of a wearing resistant material having good seizing 
resistance, wearing resistance and corrosion resistance, and members sliding by 
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receiving a load among the surfaces of the members contacting with and sliding 
on each other are made of an iron group sintered material, and are individually 
coated with an oxide film on the surface or treated with surface treatment to 
increase the surface hardness of the member itself or are coated with a film 
having corrosion resistance and wearing resistance. 

[0023] Further, the present invention is characterized by a fuel pump for 
pressurizing fuel to deliver the fuel to a fuel injector of a vehicle engine, which 
comprises a hardened layer composed of at least one layer selected from the 
group consisting of a nitrided layer, a carburization-quenched layer and a 
carbonitrided layer on at least one of sliding surfaces which contact with and 
slide on each other through the fuel or lubricating oil; and a carbon group film 
having a hardness higher than a hardness of the hardened layer on a surface of 
the hardened layer. 

[0024] Further, the present invention is characterized by a fuel pump for 
pressurizing fuel to deliver the fuel to a fuel injector of a vehicle engine, which 
comprises a hardened layer composed of at least one layer selected from the 
group consisting of a nitrided layer, a carburization-quenched layer and a 
carbonitrided layer on one of sliding surfaces which contact with and slide on 
each other through said fuel or lubricating oil; a hardened layer composed of at 
least one layer selected from the group consisting of a nitrided layer, a 
carburization-quenched layer and a carbonitrided layer on the other sliding 
surface opposite to the one of the sliding surfaces; and a carbon group film 
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having a hardness higher than a hardness of the hardened layer on each of 
surfaces of said hardened layers of the one sliding surface and the other sliding 
surface. 

[0025] Further, the present invention is characterized by a fuel pump for 
pressurizing fuel to deliver the fuel to a fuel injector of a vehicle engine, which 
comprises a hardened layer composed of at least one layer selected from the 
group consisting of a nitrided layer, a carburization-quenched layer and a 
kt carbonitrided layer on sliding surfaces which contact with and slide on each 
m other through the fuel or lubricating oil; and a carbon group film having a 
jjj hardness higher than a hardness of the hardened layer on the surfaces of the 
H hardened layers. 
O 

|ip [0026] Further, the present invention is characterized by a fuel pump 

fli 

10 comprising a shaft rotated by driving of a vehicle engine; a cam rotated by the 
I'M rotation of said shaft; and a plunger reciprocally moved in a cylinder by the 

rotation motion of the cam through a lifter, the fuel pump pressurizing fuel to 
deliver the fuel to a fuel injector of the vehicle engine, which comprises a 
hardened layer composed of at least one layer selected from the group consisting 
of a nitrided layer, a carburization-quenched layer and a carbonitrided layer on 
at least one of sliding surfaces of the plunger and the cylinder which contact with 
and slide on each other; and a carbon group film having a corrosion resistance to 
the fuel higher than a corrosion resistance of the hardened layer, the carbon 
group film being formed on a surface of the hardened layer. 
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[0027] Further, the present invention is characterized by a fuel pump 
comprising a shaft rotated by driving of a vehicle engine; a cam rotated by the 
rotation of the shaft; and a plunger reciprocally moved in a cylinder by the 
rotation motion of the cam through a lifter, the fuel pump pressurizing fuel to 
deliver the fuel to a fuel injector of the vehicle engine, which comprises a 
hardened layer composed of at least one layer selected from the group consisting 
of a nitrided layer, a carburization- quenched layer and a carbonitrided layer on a 
sliding surface of the lifter contacting with and sliding on the cam through 
lubricating oil; and a carbon group film having a hardness higher than a 
hardness of the hardened layer, the carbon group film being formed on a surface 
of the hardened layer. 

[0028] Further, the present invention is characterized by a fuel pump 
comprising in its housing a shaft for transmitting rotation from outside; a slant 
plate for converting the rotation of the shaft to oscillating motion; and a plunger 
for converting the oscillating motion of the slant plate to reciprocal motion in a 
cylinder through a slipper, wherein the slipper is made of an iron group sintered 
material, and an oxide layer is formed on a surface of the slipper. 

[0029] Further, the present invention is characterized by the pump 
described above, wherein a hardened layer composed of at least one layer 
selected from the group consisting of a nitrided layer, a carburization-quenched 
layer and a carbonitrided layer is formed on an outer peripheral surface of the 
plunger and on an inner peripheral surface of the cylinder, and a carbon group 
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film or a metal compound having high corrosion resistance and high hardness is 
formed on the outer peripheral surface of the plunger. 

[0030] Further, the present invention is characterized by a fuel pump for 
pressurizing fuel to deliver the fuel to a fuel injector of a vehicle engine, which 
comprises a hardened layer composed of at least one layer selected from the 
group consisting of a nitrided layer, a carburization-quenched layer and a 
carbonitrided layer on an inner peripheral surface of a cylinder to serve as a 
sliding surface of one member; and a carbon film or a metal compound layer on 
an outer peripheral surface to serve as a sliding surface of the other member, the 
sliding surfaces contacting with and sliding on each other through lubricating oil 
or the fuel, wherein another member sliding on an end surface of the other 
member described above is formed of an iron group sintered material, ad an 
oxide layer is formed on a surface of the another member. 

[0031] Further, the present invention is characterized by a direct fuel 

injection engine comprising a fuel injection means which directly injects fuel into 
a combustion chamber, preferably injects the fuel according to lean-burn control 
of an air-fuel ratio above 45; and a fuel pump for delivering the fuel to the fuel 
injection means, wherein the fuel pump is any one of the fuel pumps described 
above. 

[0032] Further, it is preferable that the slipper member in the present 
invention is made of an iron group sintered material treated with carburization 
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quenching or an iron group sintered material coated with an oxide film having a 
major component of Fe304 formed by steam treatment at 500 to 600°C. It is 
preferable that the iron group sintered material is an Fe alloy containing C of 0.2 
to 0.8%, or C of 0.2 to 1.0% and Cu of 1 to 5%, or C of 0.2 to 0.8%, Cu of 0.5 to 3% 
and Ni of 1 to 8% in weight basis, and has a little amount of pores. The lubricity 
of the iron group sintered material can be increased by impregnating the pores 
with a lubricating oil. 

[0033] Further, it is preferable that the slant plate in the present invention 
is made of a casting iron, a mechanical-structural alloy steel, an alloy tool steel, a 
heat-treated martensitic stainless steel or a surface treated material of any one 
of the above-mentioned materials. 

[0034] Further, it is preferable that after surface treatment, the hardened 
layer of the present invention is treated to eliminate weak compounds by being 
heated up to a temperature equal to or higher than a temperature of the surface 
treatment. The diffusion surface treatment is performed to a nitrided layer, a 
carbonitrided layer, a soft nitrided layer, a salt bath soft nitrided layer, a 
carburization quenched layer or a composite layer of the above layers. It is 
preferable that Fe3N (white chemical compound layer) is not formed in the 
nitrided layer of the diffusion surface treated layer. It is preferable that the 
nitrided layer as the nitrided layer of the cylinder is formed at a treatment 
temperature below 450°C. 
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[0035] Further, a carbon group film or a metal compound layer is used as 
the corrosion resistant and wear resistant film in accordance with the present 
invention. A metal compound selected from the group consisting of carbide, 
nitride, carbonitride is used for the latter, and each of them can be formed 
through CVD or ion-plating. Since the carbon group film and the metal 
compound layer are high in hardness and small in wear, and further chemically 
stable, reactivity of the material with a material of the other side sliding 
member. Therefore, the corrosion resistance and the wear resistance are 
substantially improved. In addition, since the carbon group film shows a good 
sliding performance because of a small friction coefficient. On the other hand, it 
is preferable that as the carbon group film, a diamond-shaped or diamond-like 
film (DLC), a metal containing diamond-like film (Me-DVC), or a laminated film 
of WC and C (WC/C) is used. 

[0036] Further, it is desirable that as the sliding members contacting with 
and sliding on each other in accordance with the present invention, a martensitic 
stainless steel, an alloy steel or a bearing steel is used. The cylinder in the 
present invention has one or plural (three) holes in each block, and is preferably 
made of an alloy tool steel containing C of 0.25 to 0.5% (preferably, 0.3 to 0.45%), 
or C of 1 to 2% (preferably, 1.3 to 1.6%), an alloy tool steel containing Cr of 5 to 
13% (preferably, 6.5 to 8.5%), Mo less than 2% (preferably 0.7 to 1.5%) and V less 
than 1% (preferably, 0.1 to 0. 6%), or a martensitic stainless steel. It is 
preferable that the nitrided layer serving as the hardened layer is preferably 
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formed through the salt bath treatment at a treated temperature of 350 to 500°C 
so that the thickness of the hardened layer becomes 20 to 40 um. On the other 
hand, it is preferable that the plunger is made of an alloy tool steel containing C 
of 1 to 2% (preferably, 1.3 to 1.6%), Cr of 10 to 113.5% (preferably, 11 to 13%), Mo 
less than 2% (preferably, 0.7 to 1.5%) and V less than 1% (preferably, 0.1 to 
0.6%), or a martensitic stainless steel. It is preferable that the nitrided layer 
serving as the hardened layer is preferably formed through the ion nitriding 
treatment at a treated temperature of 350 to 600°C so that the thickness of the 
hardened layer becomes 70 to 130 jam. 

[0037] Further, when the sliding mechanism parts inside the fuel pump 
chamber are sliding on each other in a lubricating oil (engine oil) or the fuel 
(gasoline), the material, the surface treatment and the combination of each of the 
sliding parts are optimally set. In regard to each of the sliding parts in the 
lubricating oil (engine oil), the seizing resistance under high sliding speed (high 
peripheral speed) is particularly taken into consideration, and the material 
specification is selected so as to have a structure capable of obtaining such a 
characteristic. 

[0038] Further, in regard to each of the sliding parts in the fuel (gasoline), 
the wearing resistance is improved by performing the surface treatment. 

[0039] A diffusion surface treated layer or a corrosion-resistant and 
wearing-resistant hardened film is formed as the surface treated layer. In regard 
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to the diffusion surface treated layer, as the nitriding group layers increasing the 
hardness by diffusing mainly nitrogen to precipitate fine grain nitrates there are 
the nitrided layer, the carbonitrided layer, the soft nitrided layer and the salt- 
bath nitrided layer. Further, the carburization treatment for obtaining high 
hardness by diffusing carbon at a high temperature range and then performing 
quench-heat treatment may be also employed. In the nitriding group layer, 
nitride producing elements are formed into nitrides to increase the hardness 
higher than the base material, and to make the property difficult to be seized, 
and to improve the resistances of the base material against friction and wear. 
Further, the nitrided layer has a property hardly to be separated even under a 
high surface pressing pressure because the nitrided layer is a treated layer 
continuing to the base material. The carbonitrided layer can be formed in a deep 
layer, and accordingly, has a good withstanding performance when it receives a 
high surface pressing pressure. 

[0040] Further, the diffusion surface treated layer is formed as a base layer 
for forming the highly hard carbon group film or metal compound layer having 
corrosion resistance and wear resistance. By forming the diffusion surface 
treated layer, the hardness of the base material can be increased to improve the 
load withstanding property against a high surface pressing pressure and also to 
improve the separation resistance of the hard film. 

[0041] By the structure described above, the friction coefficient becomes 
small, and adhering or sticking of one material to the other material hardly 
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occurs. Therefore, occurrence of initial wearing, normal wearing and seizing can 
be prevented. Thereby, a fuel pump having high reliability can be provided. The 
above-mentioned features and the other features of the present invention will be 
further described below in detail. 

[0042] Other objects, advantages and novel features of the present invention 
will become apparent from the following detailed description of the invention 
when considered in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

[0043] FIG. 1 is a cross-sectional view showing a part of a first embodiment 
of a fuel pump in accordance with the present invention. 

[0044] FIG. 2 is a diagram showing the system construction of the first 
embodiment of the fuel injection system in accordance with the present 
invention. 

[0045] FIG. 3 is an illustration explaining the structures of surface treated 
layers in the first embodiments in accordance with the present invention. 

[0046] FIG. 4 is graphs showing the treatment processes of forming the 
nitride layer in the first embodiment in accordance with the present invention. 

[0047] FIG. 5 is a graph showing the hardness distribution in the nitride 
layer of alloy tool steel in the first embodiment in accordance with the present 
invention. 
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[0048] FIG. 6 is a graph showing the corrosion resistance of various kinds of 
surface treated materials in the first embodiment in accordance with the present 
invention. 

[0049] FIG. 7 is a graph showing wearing test results of various kinds of 
surface treated materials. 

[0050] FIG. 8 is a graph showing wearing test results of various kinds of 
surface treated materials. 

[0051] FIG. 9 is an enlarged partial view showing the surface treated layer 
in the plunger of FIG. 1 in accordance with the embodiment 1. 

[0052] FIG. 10 is an enlarged partial view showing the surface treated layer 
in the suction valve of FIG. 1 in accordance with the embodiment 1. 

[0053] FIG. 11 is an enlarged partial view showing the surface treated layer 
in the delivery valve of FIG. 1 in accordance with the embodiment 1. 

[0054] FIG. 12 is an enlarged partial view showing the surface treated 
layers in the driving cam and the lifter of FIG. 1 in accordance with the 
embodiment 2. 

[0055] FIG. 13 is a cross-sectional view showing a second embodiment of a 
fuel pump in accordance with the present invention. 

[0056] FIG. 14 is a view showing the strokes in the second embodiment of 
the fuel pump in accordance with the present invention. 
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[0057] FIG. 15 is a perspective view showing the circulation path of engine 
oil. 

[0058] FIG. 16 is a graph showing the test results of seizing resistance 
between various kinds of materials for the slant plate and the slipper. 

[0059] FIG. 17 is a graph showing the test results of seizing resistance 
between various kinds of materials for the slant plate and the slipper. 

[0060] FIG. 18 is a graph showing the wear in the slipper spherical surface 
obtained from a wearing test. 

[0061] FIG. 19 is a graph showing the relationship between friction 
coefficient and temperature of engine oil when the slipper and the plunger slip 
on each other. 

[0062] FIG. 20 is a microscopic photograph showing the section of the 
slipper used in the present embodiment. 

[0063] FIG. 21 is a graph showing the hardness distribution in the nitride 
layer of the alloy tool steel in accordance with the present invention. 

[0064] FIG. 22 is an enlarged partial view showing the surface treated layer 
of the plunger of FIG. 13 in accordance with the embodiment 4. 

[0065] FIG. 23 is a view showing the construction of an embodiment of a 
direct injection gasoline engine in accordance with the present invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0066] [Embodiment 1] 

[0067] The present embodiment relates to a radial plunger fuel pump (single 
cylinder type). The radial plunger fuel pump comprises a shaft for transmitting a 
driving force of an engine; a driving cam for converting rotation motion of the 
shaft to oscillation motion; a plunger for converting the rotation motion of the 
driving cam to reciprocal motion inside cylinder through a slipper; and a cylinder 
bore combined with the plunger to suck and deliver fuel, wherein a nitrided 
layer, a carburization quenched layer or a carburization quenched layer coated 
with a highly hard carbon group film is formed on at least one of surfaces of the 
above -described mechanism portions sliding by being lubricated by fuel and 
members of pump portions. 

[0068] FIG. 1 and FIG. 2 show the details of the radial plunger pump in 
accordance with the present embodiment. FIG. 1 is a vertical cross-sectional 
view, and FIG. 2 is a diagram showing the construction of a fuel injection system 
using the present embodiment. 

[0069] A pump main body 100 comprises a fuel suction passage 110, a 
delivery passage 111 and a pressurizing chamber 112. A suction valve 105 and a 
delivery valve 106 are provided in the fuel suction passage 110 and the delivery 
passage 111, and are held in one direction by springs 105a and 106a to serve as 
check valves for limiting flowing direction of the fuel, respectively. 
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[0070] There, a plunger 102 of a pressurizing member is slidably held in the 
pressurizing chamber 112. A lifter 103 arranged in the bottom end of the plunger 
102 is pushed to a cam 200 by a spring 104. The plunger 102 is reciprocally 
moved by the cam 200 rotated by the engine cam shaft and so on to change the 
volume inside the pressurizing chamber 112. When the suction valve 105 is 
closed during the compression stroke of the plunger 102, the pressure inside the 
pressurizing chamber 112 is increased. Thereby, the delivery valve 106 
automatically opens to pressurize and deliver the fuel to a common-rail 153. 
Although the suction valve 105 automatically opens when the pressure of the 
pressurizing chamber 112 becomes lower than the pressure at the fuel inlet port, 
closing of the suction valve 105 is determined by operation of a solenoid 300. 

[0071] The solenoid 300 is attached to the pump main body 100. A coupling 
member 301 and a spring 302 are arranged in the solenoid 300. A force is applied 
to the coupling member 301 in a direction to open the suction valve 105 by the 
spring 302 when the solenoid 300 is in an OFF state. Since the applied force of 
the spring 302 is larger than the applied force of the spring 105 of the suction 
valve, the suction valve 105 is in an open state when the solenoid is in the OFF 
state, as shown in FIG. 1. 

[0072] When the high pressure fuel is supplied from the pump main body 
100, the solenoid 300 is brought to the ON (energized) state. When the fuel 
supply is stopped, current to the solenoid 300 is limited so that the solenoid 300 
is brought to the OFF (de-energized) state. 
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[0073] While the solenoid 300 is being held in the ON (energized) state, a 
magnet force larger than the applying force of the spring 302 is generated to 
attract the coupling member 301 toward the solenoid 300 side. Therefore, the 
coupling member 301 is separated from the suction valve 105. In the condition 
described above, the suction valve 105 becomes an automatic valve opening and 
closing in synchronism with the reciprocal motion of the plunger 102. 
Accordingly, the suction valve 105 is closed during the compression stroke, and 
the fuel corresponding to the reduced volume of the pressurizing chamber 112 is 
pressurized and delivered to the common-rail 153 by pushing to open the 
delivery valve 106. 

[0074] On the other hand, when the solenoid 300 is being held in the OFF 
(de -energized) state, the coupling member 301 is coupled with the suction valve 
105 by the applying force of the spring 302 to hold the suction valve 105 in the 
opening state. Therefore, since the pressure of the pressurizing chamber 112 is 
held at a low pressure state nearly equal to the pressure at the fuel inlet port 
portion even in the compression stroke, the delivery valve 106 can not be opened, 
and accordingly the fuel corresponding to the reduced volume of the pressurizing 
chamber is returned to the fuel inlet port side through the suction valve 105. 

[0075] Further, when the solenoid 300 is brought in the ON state during the 
compression stroke, the fuel is started to be pressurized and delivered to the 
common-rail 153 on the instant. Further, once the fuel is started to be 
pressurized and delivered, the suction valve 105 keeps the closed state even if 
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the solenoid 300 is brought to the OFF state after starting of the fuel delivery 
because the pressure inside the pressurizing chamber 112 is increased. 

[0076] The system construction of the fuel supply system using the present 
embodiment will be described below, referring to FIG. 2. 

[0077] Fuel in a tank 150 is guided to the fuel inlet port of the pump main 
body 100 by a low pressure pump 151 and being regulated to a constant pressure 
by a pressure regulator 152. Then, the fuel is pressurized by the pump main 
body 100 to be pressurized and delivered to the common-rail 153 through the fuel 
delivery port. Injectors 154, a relief valve 155 and a pressure sensor 156 are 
arranged in the common-rail 153. Number of the mounted injectors 154 
corresponds to number of cylinders of the engine, and the injector 154 injects fuel 
into the cylinder according to a signal from an engine control unit (ECU). 
Further, the relief valve 155 prevents the piping from being damaged by being 
opened when the pressure in the common-rail exceeds a preset value. 

[0078] In the radial plunger fuel pump as described above, main members 
required to be corrosion-resistant and wear-resistant among members operated 
in the fuel are the plunger of the pressurizing member of the pimp chamber and 
a cylinder bore having a sliding bore for reciprocally slidably supporting the 
plunger. Particularly, the radial gap between the plunger and the cylinder bore 
is designed to be smaller than 10 p.m in order to minimize leakage of the fuel 
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from the pressurizing chamber. Therefore, the pump performance will be 
degraded if the radial gap is increased by wearing. 

[0079] Further, corrosion resistance and wear resistance are also required 
for the plunger in a sliding portion with a shaft seal for sealing between the fuel 
and oil. Wearing in the shding portion is undesirable because the oil is diluted to 
decrease the lubricating performance and the fuel economy is degraded if the oil 
leaks into the fuel. 

[0080] The compositions of materials for the plunger and the cylinder block 
are selected as follows. Since the outer periphery of the plunger initially slides on 
the cylinder bore in a line-contact state, the surface pressing pressure (Hertz 
stress) becomes large. Therefore, the materials are preferably of high hardness. 
A martensitic stainless steel such as a material type SUS 440C or a material 
type SUS420J2 is quenched and tempered to be used for the cylinder block. The 
martensitic stain less steel has a good productivity because a product shape is 
obtainable through pressing work. An alloy tool steel (a material type SKD61, a 
material type SKDll or the like) or a bearing steel may be quenched and 
tempered to be used for the cylinder block. 

[0081] The hardness of the materials type SUS440C and SUS420J2 become 
Hv 500 to 700 by quenching and tempering. Further, these materials have good 
corrosion resistance because of stainless steel. 
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[0082] The same can be said for the material for the plunger. However, the 
plunger is used under a surface pressing pressure higher than that of the 
cylinder block, surface treatment is performed to the material of the plunger in 
order to obtain the wear resistance by further increasing its hardness. 

[0083] FIG. 3 shows sin-face structures in accordance with the present 
invention. Each of the sin-face structures is formed in a complex sin-face treated 
layer which is obtained by forming a diffusion surface treated layer of a nitrided 
layer, a carburetion quenched layer or a carbonitrided layer in the base material, 
and then coating the surface with a highly hard carbon group film having 
corrosion resistance and wear resistance. 

[0084] The surface structure of FIG. 3 (a) is comprised of the carbon group 
film and a diffusion surface treated layer I. The surface structure of FIG. 3 (b) is 
composed of the carbon group film and a diffusion surface treated layer II. 

[0085] The diffusion surface layer I is a nitriding group layer in which the 
hardness is increased by diffusing mainly nitrogen through treatment in a low 
temperature range not deteriorating the property of the base material to 
precipitate fine nitride grains, and as the nitriding group layers there are a 
nitrided layer, a carbonitrided layer, a soft nitrided layer and a salt bath soft 
nitrided layer. A hard surface layer having a surface hardness above Hv 1000 
can be easily formed, but the thickness of the treated layer is comparatively thin. 
Further, the nitriding group layer has a property of hardly sticking, and 
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accordingly the reactivity against friction and wearing of the material can be 
improved. 

[0086] The diffusion surface layer II is a carburizing group layer in which 
the high hardness is obtained by diffusing carbon in a high temperature range 
and then performing quenching heat treatment. The diffusion surface treated 
layer II is a hardened layer deeper than the depth of the diffusion surface treated 
layer I, and accordingly has a good load withstanding performance at receiving 
high surface pressing pressure. 

[0087] Each of these diffusion surface treated layer has a property of hardly 
separating even under a high sin-face pressing pressure because a treated layer 
continuing to the base material. Further, by increasing the hardness of the base 
material and coating the corrosion resistant and wear resistant hard film, there 
are effects in that the load withstanding performance against high surface 
pressing pressure can be improved, and at the same time, in that the separation 
resistance of the hard film can be improved. 

[0088] In order to satisfy the above-described target properties, the 
structure and the surface form of the diffusion surface treated layer I to be 
serving as the base of the corrosion resistant and wear resistant hard layer are 
important. That is, it is necessary that the surface of the nitrided layer does not 
have such structure and form as to deteriorate the separation resistance of the 
hard film. 
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[0089] An ion nitriding method is that an article to be treated is placed in a 
cathode side in a depressurized container (an anode), and after introducing 
nitrogen process gas (N2) and a diluting gas (H2) into the depressurized 
container, direct current discharge (glow discharge) is generated by applying a 
high direct current voltage between the anode and the cathode to diffuse 
nitrogen atoms ionized by the direct current plasma into the inside of the article. 

[0090] According to a general ion nitriding treatment, a brittle s-phase 
(Fe2N, Fe3N) called as a white compound layer of Fe nitride is formed on the 
uppermost surface portion. As a method of removing the brittle white compound, 
nitriding treatment and diffusion treatment are also applicable. In that case, 
hardness of the nitrided layer can be controlled. 

[0091] FIG. 4 is graphs showing the treatment processes of controlling 
hardness of the nitrided layer used in the embodiment in accordance with the 
present invention. In this case, the gas nitriding method is applicable to the 
nitriding treatment during the treatment process. However, the ion nitriding 
method (the plasma nitriding method) capable of widely controlling the 
compound of the surface layer by varying the gas composition is more suitable. 

[0092] The treatment process (a) shown in the figure is a process in which 
the nitriding treatment and the diffusion process are continuously performed. In 
the ion nitriding treating method, the depressurized container is cooled, and the 
temperature of the article to be treated can be arbitrarily raised up and 
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maintained by the input electric power (discharge electric power). Further, the 
treatment process (a) has an advantage in that the atmosphere can be changed 
from the nitrogen atmosphere to the non-nitrogen atmosphere (diffusion) by 
controlling the gas composition. 

[0093] The treatment process (b) shown in the figure is a process in which 
the nitriding treatment and the diffusion process are discontinuously performed. 
The nitriding treatment is performed through the ion nitriding method, and the 
diffusion process is performed by raising and maintaining the temperature using 
a vacuum heat treatment furnace. It is possible to employ a process under a non- 
oxidizing atmosphere, for example, under an inert gas atmosphere of N2, Ar or 
the like using an atmospheric pressure heat treatment furnace. 

[0094] FIG. 5 is a graph showing the hardness distribution in the nitride 
layer of alloy tool steel SKDll which is used to form the plunger in the first 
embodiment in accordance with the present invention. The surface hardness of 
the nitrided layer was targeted above Hv 1000, and the hardened depth above 
Hv 500 was targeted above 0.1 mm. The treating condition is that the treating 
temperature is 530°C, the treating time is 8 hours, the gas composition is N2/H2 
= 1/3, and the treating pressure is 400 Pa. It can be understood from the 
hardness distribution for the tool steel SKDll treated only nitriding that the 
hardness is Hv 1060 from the surface to a position of 25 um depth, and then 
gradually decreases toward the inner side to approach to the hardness of the 
base material. 
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[0095] The diffusion process was performed using the treated article having 
the above-mentioned hardness distribution. The diffusion process is performed 
through the ion nitriding process under the condition of the treating temperature 
of 550°C, the treating time of 2.5 hours, the process gas composition of H2 only, 
and the treating pressure of 400 Pa. It can be understood from the hardness 
distribution for the tool steel performed with the diffusion process after the 
nitriding treatment that the hardness is Hv 1010 from the surface to a position 
of 25 um depth, and then gradually decreases toward the inner side to approach 
to the hardness of the base material. 

[0096] According to an analysis result of the surface layer, the e-phase of the 
white compound composed of Fe2N, FesN was eliminated. By performing the 
nitriding processing and the diffusion processing, it is not necessary to grind the 
surface of the brittle s-phase, and it is also possible to form the nitrided layer 
having controlled hardness and toughness. 

[0097] From the results, by performing the nitriding processing and the 
diffusion processing which are employed in the method of the present invention, 
the nitrided layer having controlled hardness and toughness is formed. Further, 
the compound on the surface layer can be controlled. Thereby, it is possible to 
provide a diffusion surface layer on which a highly hard carbon group film is to 
be formed. 
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[0098] FIG. 6 shows the corrosion resistance of various kinds of materials. 
The graph shows the relationship between natural potential and pitting 
corrosion potential in a solution containing ethyl alcohol of 13.5 vol. % in water 
and having an acid ion concentration of total acid value 0.13 mgKOH/g. A 
material having a higher natural potential and a higher pitting corrosion 
potential is good in corrosion resistance. The various kinds of stainless steels are 
in a higher natural potential and higher pitting corrosion potential range, and 
accordingly are good in corrosion resistance. On the other hand, tool steel SKDll 
and the nitrided materials of the tool steel are in a lower range. Further, it can 
be known that the nitrided material of stainless steel SUS440 is also in the lower 
range, and accordingly that the corrosion resistance is decreased by the nitriding 
treatment. 

[0099] The fuel pump is assumed to use gasoline adding with methyl alcohol 
or methyl alcohol to gasoline or degraded gasoline. In the case of using such 
gasoline, it is necessary to take it into consideration that the material is 
influenced to be oxidized due to mixing of water content and mixing of acid 
content. That is, a corrosion wearing phenomenon may occur when the contact 
portions of the sliding mechanism portions are under an oxidizing environment. 
In such a case, there occurs a problem in that the environment to wearing 
becomes severer, and accordingly the amount of wear in the sliding portion will 
be increased. 
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[001 00] Therefore, in the present invention, the highly hard carbon group 
film having corrosion resistant and wearing resistant is formed on the topmost 
surface of the material, as shown in FIG. 3. The carbon group film is made of 
diamond-like carbon (DLC). 

[00101] The carbon group film of diamond-like carbon (DLC) is formed 
through, for example, the high frequency plasma CVD method, the ionization 
vapor deposition method, an unbalanced magnetron sputter method and so on, 
but the method is not limited to these. 

[001 02] The carbon group film formed through these methods has a good 
corrosion resistance due to the close-grained structure and the non-metallic 
property. It can be understood from FIG. 6 that the diamond-like carbon (DLC) 
is in the higher region of natural potential and pitting corrosion potential, and 
accordingly is good in corrosion resistance. Further, TiN, TiAIN and CrN (the 
base material is SKD11) are also in the higher region of natural potential and 
pitting corrosion potential compared to the various kinds of stainless steel except 
SUS304, and accordingly are good in corrosion resistance. As described above, 
the corrosion resistance of the SKDll steel coated with the diamond-like carbon 
(DLC) is substantially improved compared to that of the base material of the 
SKDll steel. 

[001 03] Further, the carbon group film has an effect to suppress metal 
transfer bonding phenomenon caused between the base material and the pairing 
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material, and has a small friction coefficient, and prevents initial wear, normal 
wear and seizing. Therefore, the SKD steel with carbon group film showed a 
smaller amount of wear compared to the various kinds of materials shown in 
FIG. 7 and FIG. 8. Further, the SKD film with carbon group film is good in 
corrosion resistance. From these facts, the SKD steel with carbon group film can 
be used for a sliding member operated in a fuel of a severe corrosion 
environment. 

[001 04] This is the reason why the surface structure shown in FIG. 3 is 
employed for the plunger 102. FIG. 9 is a detailed view showing a part of the 
plunger in the embodiment 1. The fuel of gasoline is supplied through the suction 
valve 105 and then introduced into the pressurizing chamber 112. Since the fuel 
is pressurized in the pressurizing chamber 112, the fuel leaks to the outside 
through the radial gap for sliding of the plunger 102 with the sliding bore 108a of 
the inner portion of the cylinder 108. The amount of the leakage is minimized by 
sealing the leakage using a seal 120. 

[001 05] Wearing occurs by sliding between the cylinder and the plunger, and 
between the plunger and the seal. In order to cope with wear of the seal 120 (an 
elastic body, for example, rubber) and the plunger 102, and to cope with wear of 
the plunger 102 and the cylinder sliding bore 108a, a diffusion surface treated 
layer and a surface treated layer 102a of a highly hard carbon group film having 
corrosion resistance and wear resistance are formed in the plunger 102. 
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[00106] In the present embodiment, the corrosion resistant and wear 
resistant hard film and the diffusion surface treated layer I of FIG. 3 (a) are 
formed in the surface treated layer 102a. The alloy steel SKD11 is employed as 
the base material, and a nitrided layer of 100 (j,m thick shown in FIG. 5 is formed 
for the diffusion surface treated layer I. The surface is coated with a DLC film of 
1.5 fim thick. 

[00107] In the present embodiment, a seal 120 made of an elastic body is 
arranged in the outer periphery of the plunger 102 to prevent oil for lubricating a 
cam 200 from flowing into the inside of the fuel pump and to prevent the fuel 
inside the pump from flowing out. In the present embodiment, the seal 120 is 
integrated in a one piece together with a metal tube 120a, and is press fit to the 
pump main body 100. However, the fixing method is not limited to the above. 

[00108] Further, the pressurizing chamber 112 is composed of the cylinder 
108 having the sliding bore for reciprocally slidably supporting the plunger 102. 
The bore portion of the cylinder 108 is composed of the sliding bore 108a which 
has a radial gap between the sliding bore 108a and the plunger 102 below 10 ^m 
in order to minimize fuel leakage from the pressurizing chamber; and an 
expanding inner wall 108b for forming the pressurizing chamber. 

[00109] Further, a vertical passage 109 communicating with the sliding bore 
108a is provided in the outer peripheral portion of the cylinder 108, and the 
vertical passage 109 communicates with a fuel suction passage 110 which 
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communicates with a fuel inlet port 110a through a horizontal passage 110b. A 
check valve 400 for restricting a flow direction from the fuel suction passage 110 
side to the vertical passage 109 side is provided in the inlet port of the horizontal 
passage 110b. 

[001 10] By the construction described above, the fuel flowing from the 
pressurizing chamber 112 through the gap between sliding bore 108a and the 
plunger 102 at pressurizing stroke can flow toward the lower pressure portion of 
the fuel suction passage 110 side. Therefore, the pressure in the fuel chamber 
side of the seal 120 becomes equal to the pressure in the fuel suction passage 
110, and accordingly it is possible to prevent the fuel from leaking outside 
without largely increasing the rigidity of the seal 120. 

[001 11] Further, since the leakage of the fuel in the pressurizing chamber 
112 through the gap in the plunger sliding portion can be suppressed to the 
minimum, it is possible to improve the efficiency of the pump delivery at normal 
operation. 

[001 12] In the present embodiment, as main members required to be 
corrosion resistant and wear resistant among the members operated and sliding 
in the fuel, there are the suction valve 105 and the delivery valve 106 provided in 
the fuel suction passage 110 and the delivery passage 111, and the plunger 102 
of the pressurizing member of the pressurizing chamber 112, and the cylinder 
108 having the sliding bore for reciprocally slidably supporting the plunger 102. 
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[001 13] Particularly, the radial gap between the plunger 102 and the cylinder 
108 is set to a value smaller than 10 (im in order to minimize the fuel leakage 
from the pressurizing chamber. Therefore, the pump performance may be 
reduced by increase of the radial gap due to sticking caused by seizing or 
abnormal wearing. 

[001 14] An application of the present embodiment to the other wear portions 
will be described below. FIG. 10 is a detailed view showing part of the suction 
valve 105, and FIG. 11 is a detailed view showing part of the delivery valve 106. 

}% [001 15] In the portion of the suction valve 105 shown in FIG. 10, fuel is 
fH supplied from the fuel suction passage 110, and sucked into the pressurizing 

m 

M chamber 112 through the gap between a ball 142 and the suction valve 105 when 

a plunger rod 140 is reciprocally moved. The portions having the problem of 
*| wearing are A: the contact portions of the ball 142 and the suction valve 105; B: 
ry the sliding portions of the suction valve 105 and the check valve guide 143; C: 
the portions of the plunger guide 141 and the sheet portion of the suction valve 
105; and D: the supporting portion of the plunger rod 140. 

[001 1 6] In the portion of the delivery valve 106 shown in FIG. 1 1, the fuel is 
pressurized in the pressurizing chamber 112, and delivered by opening and 
closing of the delivery valve 106. The portions having the problem of wearing are 
E: the contact portion of the check valve sheet 107 and the delivery valve 106; 
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and F: the contact portions of the delivery valve 106 and the check valve holder 
130. 

[001 17] In order to cope with the wear in each of the portions described 
above, a surface treated layer composed of a diffusion surface treated layer and a 
highly hard carbon group film having corrosion resistance and wear resistance 
was formed each of the parts. In the present embodiment, the surface treated 
layers 105b and 107a composed of the corrosion resistant and wear resistant 
U> hard film and the diffusion surface treated layer I if FIG. 3 (a) were formed in 

o 

the suction valve 105 shown in FIG. 10 and in the check valve sheet 107 shown 
p in FIG. 11, respectively. Stainless steel SUS420J was employed as the base 

material, and the nitrided layer of 50 fxm thick was formed as the diffusion 
Q surface treated layer I. A WC/C film of 2 fj.m thick was formed on the surface. 

m [001 18] A series of endurance test using an actual radial plunger pump of 

P 

fy FIG. 1 having the fuel chamber structure described above was conducted. As the 
result of the test, the pump could be operated without any abnormality, and 
could obtain a stable value in gasoline delivery flow rate. After completion of the 
endurance test, the pump was disassembled to inspect the parts in the fuel 
chamber. As the result of the inspection, occurrence of no abnormal wear could 
be found in any of the parts, and all of the parts were in the normal wear state. 
Further, the wear amounts of the parts in the worn portions of the suction valve 
105 and the delivery valve 106 were small. On the other hand, in an untreated 
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radial plunger pump, some thickness thinning due to wearing was observed in 
the outer radial periphery of the plunger 11 and the sliding portion of the seal 
17. 

[001 19] It can be understood from the above-mentioned results that in the 
pump constructed according to the present invention, sticking between the 
sliding parts hardly occurs, and the wearing resistance is improved. Since the 
surface treated layer composed of the corrosion resistant and wear resistant hard 
film and the diffusion surface treated layer is formed, the corrosion resistant and 
wear resistant film is hardly separated and accordingly has a good characteristic 
in corrosion resistance. By these characteristics, the wearing resistance under 
the severe environment is improved, and accordingly the targeted fuel pump can 
be obtained. 

[00120] [Embodiment 2] 

[00121] FIG. 12 is an enlarged cross-sectional view showing details of a part 
of the radial plunger pump of FIG. 1. Description will be made on another 
embodiment when a sliding mechanism portion requiring the corrosion 
resistance and the wearing resistance is constructed in the radial plunger pump 
of FIG. 1. FIG. 12 shows the embodiment in regard to a sliding portion between a 
driving cam rotated by transmitting a driving force of the engine to the cam and 
a lifter for converting the rotating motion of the driving cam to the reciprocal 
motion of the plunger. 
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[00122] There is a possibility that lubrication between the driving cam and 
the lifter portion is insufficient because engine oil in a spray state may be 
supplied to the portion. Since the driving cam moves at a high speed equal to or 
1/2 of the rotation speed of the engine, the relative sliding speed on the lifter 
surface becomes +30 m/s to -4 m/s. Further, the driving cam is in contact with 
the lifter portion at a pressure above 500 MPa. Therefore, the driving cam and 
the lifter portion compose a mechanical portion sliding under a condition of high 
peripheral speed and high surface pressing pressure, and accordingly are 

fa 

P required to be wear resistant. In order to improve the wear resistance of the 

CO 

£ driving cam and the lifter portion, a nitrided layer is provided to the surface of 

2 

91 the lifter and a highly hard carbon group film is formed in the surface. 

% 4 

O [00123] In the present embodiment, the surface treated layer 103a of the 
jfe lifter 103 was composed of the corrosion resistant and wear resistant hard film 
pj and the diffusion surface treated layer I of FIG. 3 (a). The alloy tool steel SKDll 
was employed as the base material, and a nitrided layer of 100 (a.m thick shown 
in FIG. 5 was formed as the diffusion surface treated layer I. A DLC film of 1.5 
um thick was formed on the surface. A casting iron is used for the driving cam. 

[00124] A series of endurance test using an actual radial plunger pump of 
FIG. 1 having the structures of the driving cam and the lifter portion described 
above was conducted. As the result of the test, the pump could be operated 
without any abnormality, and could obtain a stable value in gasoline delivery 
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flow rate. After completion of the endurance test, the pump was disassembled to 
inspect the parts in the fuel chamber. As the result of the inspection, occurrence 
of no abnormal wear could be found in any of the parts, and all of the parts were 
in the normal wear state. Further, the wear amounts of the parts in the worn 
portions of the driving cam 200 and the lifter portion 103 were small. On the 
other hand, in an untreated lifter portion 103, occurrence of flaking and some 
thickness tliinning due to wearing were observed. 

j fe [00125] It can be understood from the above-mentioned results that in the 
p pump constructed according to the present invention, sticking between the 

=p sliding parts hardly occurs, and the wearing resistance is improved. Since the 

O 

®\ surface treated layer composed of the corrosion resistant and wear resistant 

J=j highly hard carbon group film and the diffusion surface treated layer is formed, 

rtS 

ry the corrosion resistant and wear resistant film is hardly separated and 
S3 accordingly has a good characteristic in corrosion resistance. By these 

ry 

characteristics, the wearing resistance under the severe environment is 
improved, and accordingly the targeted fuel pump can be obtained. 
[00126] [Embodiment 3] 

[00127] FIG. 13 is a cross-sectional view showing an example of an axial 
plunger fuel pump of a slant plate type (three cylinder type). The slant plate type 
axial plunger pump comprises a shaft 1 for transmitting a driving force from the 
external to the inside of the housing; a slant plate 9 for converting rotating 
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motion to oscillating motion through the shaft; plungers for converting the 
rotating motion of the slant plate to reciprocal motion through a slipper 10; and 
cylinder bores 13 for sucking and delivering fuel, each of the cylinder bores being 
coupled with each of the plungers 11. The smooth surfaces of the slant plate 9 
and the slipper 10 lubricated by a lubricating oil (engine oil) are designed so as to 
use a material selected by considering seizing resistance in a range of high 
slipping speed (high peripheral speed), and the spherical portions of the slipper 

I* 10 and the plunger 1 1 are designed so as to use a material selected by 

Q 

considering wear resistance in line contact under a high surface pressing 
S pressure. The slipper 11 is formed of an iron group sintered member having an 
Vj oxide layer. In regard to the slipping surfaces of the plunger 11 and the 

Q cylindrical slipping portion of the cylinder bore 13 lubricated by fuel (gasoline), a 

fU 

Ijjf hardened layer selected from the group consisting of a nitrided layer, a 

P 

m carbonitrided layer and a carbonization quenched layer is formed on both of the 
surfaces. Otherwise, a hardened layer selected from the group consisting of a 
nitrided layer, a carbonitrided layer and a carbonization quenched layer or a film 
selected from the group consisting of a carbide, a nitride and a carbonitride 
having corrosion resistance and wear resistance is formed on the outer surface of 
the plunger 11. A hardened layer selected from the group consisting of a nitrided 
layer, a carbonitrided layer and a carbonization quenched layer is formed on the 
inner peripheral surface of the cylinder bore 13. 
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[00128] The structure of the fuel pump has a small number of members 
sliding in the gasoline by providing a seal member in the end portion of the 
sliding portion between the plunger 11 and the cylinder bore 13. Therefore, it is 
unnecessary to arrange a bellows for separating the lubricating oil and the fuel 
used in a conventional pump, and the lubrication of the driving mechanism 
portion is sufficient. 

[00129] As shown in FIG. 13, a coupling 2 for transmitting the driving force 
transmitted from the cam shaft of the engine has the shaft 1 which is connected 
by a pin 3 fit to the coupling 2. The shaft 1 is integrated with the slant plate 9 
which expands in the radial direction and has a slant plane in the end portion. 
The slippers 10 are in contact with the slant plate 9. In the outer peripheral 
portion of the slipper 10 in the side of the slant plate 9, there is provided a taper 
for assisting to form an oil film between the slant plate 9 and the slipper 10. 
Further, another end of the slipper 10 is formed in a spherical shape, and 
supported by a sphere formed in the plunger 11 sliding inside the cylinder bore 
13, and the oscillating motion generated by rotation of the slant plate 9 is 
converted to reciprocal motion of the plunger 11. 

[00130] In the pump having the structure described above, suction and 
delivery of fuel is performed as follows. The plurality of the cylinder bores 13 and 
the plurality of the plungers 11 form the individual pump chambers 14 in the 
cylinder 12. A suction space 15 communicating with each of the plungers 11 is 
formed in the central portion of the cylinder so that fuel is supplied to the pump 
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chamber 14.1n order to conduct fuel to the suction space 15, a pump external fuel 
pipe is attached to a rear body 20 so that the suction chamber 30 in the central 
portion of the rear body 20 is connected to the suction space 15 provided in the 
cylinder 12 through a suction passage inside the rear body 20. 

[00131] Inside of the plunger 11, there is a suction valve 24 (check valve) for 
sucking the fuel which is constructed of a ball 21 and a spring 22 and a stopper 
23 for supporting the spring 22. A plunger spring 25 always pushes the plunger 
\ju 25 toward the slant plate 9 side in order to follow the plunger 11 together with 

O the slipper 10 to the slant plate 9. 

CO 

p [00132] A passage A16 communicating with the suction valve 24 inside the 

m 

M plunger 11 is formed as a communicating passage between a backfacing 51 
If, provided in the cylinder bore and the suction space 15. The backfacing 51 has a 
Iti diameter larger than a diameter of the cylinder bore 13, and the backfacing 51 is 
f 0 formed down to a depth capable of communicating between an introducing hole 
19 and the backfacing 51 when the volume of the pump chamber 14 becomes 
sufficiently small (when the position of the plunger reaches its top dead point) so 
that the fuel may be always introduced into the plunger 11. 

[00133] FIG. 14 is an enlarged view of the plunger 11, explaining the suction 
and the delivery strokes. In the suction stroke (a stroke in which the plunger 11 
is moved toward a direction that the volume of the pump chamber 14 is 
increased), the fuel is sucked into the pump chamber 14 by opening the suction 
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valve 24 provided inside the plunger 11 at a timing when the pressure inside the 
pump chamber 14 provided in the plunger 11 becomes lower than a preset 
pressure. When the delivery stroke (a stroke in which the plunger 11 is moved 
toward a direction that the volume of the pump chamber 14 is decreased) is 
started, the fuel sucked into the pump chamber 14 during the suction stroke is 
delivered from the pump chamber 14 to the delivery chamber 29 provided in the 
rear body 20 by opening the delivery valve 28 constructed of a ball 26 and a 
spring at a timing when the pressure inside the pump chamber 14 reaches a 
preset pressure, similarly to the suction valve 24. There, the passage structure of 
the pump itself is made compact by separating the suction chamber 30 provided 
in the rear body 20 from the delivery chamber 29 by an O-ring 31, and by 
arranging the suction chamber 30 at a position closer to the center than a 
position of the delivery chamber 29. 

[00134] The load generated by the fuel pressure in the pump chamber is 
transmitted to the slant plate 9 of the shaft 1 through the plunger 11 and the 
slipper 10. That is, a resultant force of the loads of the plurality of plungers 11 
acts on the slant plate 9. The resultant force acts on the slant plate 9 as the sum 
of an axial load and a radial load of a slanting angle component. In order to 
attain smooth rotation by bearing these loads, a radial bearing 7 and a thrust 
bearing 8 are fit to the shaft 1 to bear the loads with the body 5. 

[00135] The portions bearing these loads (the slippers 10/ the slant plate 9, 
the slippers 10/ the plunger spheres and the bearing portion) are portions 
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bearing the relative velocity due to rotation and the loads, and the slipping wear 
can be reduced by employing oil lubrication. In order to do so, a structure for 
storing oil is necessary in a slant plate chamber 38 formed between the body 5 
and the cylinder 12. 

[00136] In the present embodiment, in the cylinder 12 there is provided a 
seal 17 for sealing the fuel from the oil when the plunger is reciprocally moved. 
The reciprocally oscillating seal 17 seals a gap between the plunger 11 and the 
cylinder bore 13, and the seal 17 becomes a sealing member between the fuel and 
the oil. In the present embodiment, the pressure acting on the seal 17 is always a 
low pressure of the suction pressure described above because there is the 
communicating passage 16 between the seal 17 and the pump chamber 14, and 
accordingly the pressure of the high pressure chamber is not applied to the seal 
17. Therefore, the durability and the reliability of the seal 17 are increased. 

[00137] FIG. 15 is a perspective view of the engine portion explaining the 
circulation path and a circulation method of the engine oil. The structure is that 
the shaft 1 penetrating through a shaft seal 35 and a coupling is fit into a 
coupling fitting portion 33 of an engine cam 6 having an oil passage 34 in the 
axial center, and oil is introduced from the engine through a communicating 
passage 4 with the slant plate chamber 38 provided in the center of the shaft 1. 
The shaft seal 35 does not completely seal the oil so that the minimum necessary 
flow rate of the oil from the engine side to the slant plate chamber 38 can be 
secured. By doing so, a decentering load caused by displacement in the centers 
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between the engine cam 6 and the shaft 1 acting on the driving shaft through the 
shaft seal 35 can be suppressed as small as possible, and accordingly the 
durability of the radial bearing 7 can be improved. Further, by limiting the oil 
flowing into the slant plate chamber 38 to the minimum necessary amount, 
replacement of oil diluted by fuel leaking into the slant plate chamber 38 
through the seal 17 described above can be performed while temperature rise of 
the slant plate chamber 38 is being suppressed. Furthermore, the compatibility 
with the engine and the small-sizing of the engine can be attained since the 
object is attained without setting an additional oil passage in the engine side by 
introducing the oil through the center of the shaft 1. 

[00138] Although the oil is introduced through the communicating passage 4 
provided in the center of the shaft in the present embodiment, the oil introducing 
passage is arranged so that an oil pressure source of the engine communicates 
with the slant plate chamber 38 of the pump. Description will be made below on 
a passage for returning the oil supplied from the engine to the slant plate 
chamber 38. The passage is formed of a returning passage from the slant plate 
chamber 38 to an engine cam chamber 39. This returning passage 36 is arranged 
at a position in the coupling 2 side nearer than a mounting flange face 37 to the 
engine provided in the pump body 5. By doing so, the oil in the slant plate 
chamber 38 can be returned to the engine without providing a special passage in 
the engine side. By making the amount of the oil flowing out from the slant plate 
chamber 38 not smaller than the amount of oil flowing into the slant plate 
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chamber 38 and by making the pressure inside the slant plate chamber 38 not 
increase using the returning passage 36, the reliability of the seal 17 is 
increased. Since the pressure inside the slant plate chamber 38 is not increased 
and is always kept lower than the suction pressure of the fuel, the oil is 
prevented from leaking to the fuel side. 

[00139] The large different point of the structure described above from the 
conventional slant plate type axial plunger pump is that the slippers slip at a 

u high peripheral speed on the slant plate in the lubricating oil. The rotating 

S3 

□ motion of the slant plate is converted to the oscillating motion through the 

p slipper to reciprocally move the plunger. Therein, the lubricating oil is separated 

: from the fuel by providing the seal member in the sliding portion between the 

□ plunger and the cylinder bore. Therefore, number of the components sliding 
?y under gasoline is reduced. 

!S 

[00140] Initially, as these slipping members, description will be made on the 
material structures of the slant plate 9 and the slipper 10 which are lubricated 
by the lubricating oil (engine oil). 

[00141] The slant plate is rotated by transmitting the driving force from the 
engine to the shaft. The rotation speed of the slant plate is 1/2 of the rotation 
speed of the engine, and is from a rotation speed at idling operation to a rotation 
speed in the high speed range. At that time, the sliding speed between the slant 
plate and the slipper becomes 0.3 to 5 m/s, and the surface pressing pressure 
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becomes about 8 MPa although it depends on the delivery pressure. Therefore, it 
is required for the material structures that seizing between the slant plate and 
the slipper does not occur and the amount of normal wear is small under such a 
high peripheral speed sliding. Therefore, properties of various kinds of materials 
were evaluated, and the material structure for the slant plate and the slipper 
was studied. 

[00142] FIG. 16 and FIG. 17 are graphs showing the results of study obtained 
from seizing resistance tests on various kinds of materials for the slant plate and 
the slipper. Bending and fatigue strengths are required for the material of the 
slant plate because the slant plate has the function as the shaft transmitting the 
driving force. Therefore, as the materials for the slant plate, carburization 
quenched materials such as SCM415 as casehardened steels of machine 
structural steel; a nitriding treated material as a refining steel of SCM435; 
nitrided materials of SUS403 and SUS4290J2 as stainless steels; and a ductile 
iron (ADI) highly strengthened and highly toughened through austenitic 
tempering treatment as a casting iron were used as the test pieces. 

[00143] Material specifications required for the slipper are wear resistance, 
seizing resistance and compression strength (above a maximum produced surface 
pressing pressure in the sphere side). As the materials for the slipper, a nitrided 
material of stainless steel SUS403; a quenched material of alloy tool steel 
SKD11; an aluminum alloy as an Al-Si alloy (A390); a silicide dispersed 
aluminum -bronze alloy as a copper group alloy; a high strength brass alloy; and 
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a sintered-only material, a carburization quenched material and an oxide film 
formed material (oxidizing treated in steam of 550°C) of iron group sintered 
materials (SMF4 species, tensile strength of 400 to 500 N/mm 2 ) were used as the 
test pieces. The oxide film formed material has a coated film having Fe3C«4 as the 
major component. In addition to the above, a slipper made of a nitrided material 
of SUS403 as the base material with a TiN film or a CrN film (3 to 5 urn thick) 
and a slipper made of a nitrided material of SKDll as the base material with a 
TiN film or a CrN film (3 to 5 |xm thick) were also used as the test pieces. 

P [00144] Component tests on seizing resistance between the slant plate and 

the slipper were conducted by a rotation slipping method. The rotation slipping 

s 

%l method is that slipping motion is performed by pushing the slipper against a 

O rotating disk (the slant plate). The moving piece is the disk of <j)100x8 mm, and 

iU the fixed piece is the slipper. The load was set to a value of 0.98 MPa during an 

CO 

|f; initial breaking-in period of 5 minutes, and then increased by increment of 0.98 

m 

MPa every 2 minute elapsing until the load reached 29.4 MPa. As the friction 
environment, lubrication oil (engine oil) was used. 

[00145] It can be understood from the seizing-resistance test results of FIG. 
16 and FIG. 17 that effects of difference among the slipper materials or 
difference among combination with the slant plate materials are important. In 
the case where the slipper is made of the nitrided material of SUS403 (Hv 750), 
the seizing surface pressing pressure becomes as low as 6.9 MPa when the 
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moving piece is made of the nitrided material of SUS403 (Hv 1100), that is, when 
the moving piece is made of the same kind of the higher-hard combined material. 
However, in the case where the slipper is made of the nitrided material of 
SCM435 (Hv 660) having a hardness nearly equal to that of the material for the 
moving piece, the seizing does not occur even at the surface pressing pressure of 
29.4 MPa in a low speed slipping, and does not occur even at the surface pressing 
pressure of 27.4 MPa in a high speed slipping either. That is, the combination of 
the materials shows a good result. In the case of the FCD500ADI material 
having a lower-hardness, the seizing does not occur even at the surface pressing 
pressure of 29.4 MPa in a low speed slipping, but occurs at the surface pressing 
pressure of 9.8 MPa in a high speed slipping. This shows that in the high speed 
slipping, the lower-hardness of the base material becomes more dominant than 
the effects of the solid lubricity and the oil retention ability of the spherical 
graphite. 

[00146] In the case where the slipper is made of the quenched SKDll 
material of the alloy tool steel (Hv 613 to 697), when the moving piece is made of 
the FCD500ADI material, the seizing does not occur even at the surface pressing 
pressure of 29.4 MPa in the low speed sliding condition. However, in the high 
speed sliding condition, the surface pressing pressure at occurrence of seizing is 
within the lower range in both cases of the SCM415 carburization quenched 
material (Hv 700) and the FCD500 induction hardening material (Hv 550 to 
650). Therefore, it is found that the SKDll material having a structure 
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dispersing hard carbonate in the hard base material is worse in seizing 
resistance in the high speed sliding condition. 

[00147] In the case of the slippers made of the Al-Si alloy, good seizing 
resistance is observed on the whole regardless of the heat treatment of the 
casting iron of the moving piece. As described above, the soft material of the Al- 
Si alloy is good in seizing resistance by the effect that uniformly distributed hard 
lumps of initial crystal Si and very small particles of eutectic Si contact with 
another material to form dimples capable of holding an oil film on the soft base 
material. 

[00148] In the case where the moving piece is made of an induction hardened 
material of FCD500 (Hv 550 to 650), the seizing surface pressing pressure of the 
slipper made of the copper alloy shows good seizing resistance without 
occurrence of seizing even at the surface pressing pressure of 29.4 MPa in both of 
the low speed sliding condition and the high speed sliding condition. The copper 
alloy has a structural effect that hexagonal MnsSi3 silicide having self -lubricity 
contacts with another material to form dimples capable of holding an oil film on 
the base material. 

[00149] The seizing surface pressing pressure of the slipper made of the 
carburization quenched material or the sintering-only material of the iron group 
sintered material shows good seizing resistance without occurring seizing even 
at the surface pressing pressure of 29.4 MPa in both of the low speed sliding 
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condition and the high speed sliding condition. The iron group sintered material 
shows good wear resistance and good seizing resistance by an oil retaining effect 
obtained by specific holes existing in the sintered material. 

[00150] The seizing surface pressing pressure of the iron group sintered 
material with the oxide film is slightly decreased in the high speed sliding 
condition. The reason can be considered that the holes specific to the sintered 
material are closed by the steam treatment to reduce the lubricity particularly in 
U the high speed sliding condition due to decrease in the oil retaining effect, and 

b 

O that when the oxide film is broken, the broken oxide film flakes become hard 

CO 

£ extraneous objects to cause seizing starting points. However, the seizing surface 

J ■ ! pressing pressure of the iron group sintered material with the oxide film satisfies 

O the seizing resistance above the maximum assumed surface pressing pressure in 

ry 

ry the actual pump. 

CO 

f y [° 01 51 1 Tlie seizing surface pressing pressure of the slipper with the TiN or 
the CrN film is increased 2 to 3 times as large as that of the seizing surface 
pressing pressure of the nitrided base material of the slipper, and accordingly 
the effect of the film is remarkably observed. The reason is that because the TiN 
or the CrN film has a hardness as extremely high as Hv 2000 to 3000, and is 
chemically stable, the sticking hardly occurs in the sliding surface. Therein, the 
nitrided layer of the base material has an effect that occurrence of buckling of 
the TiN or the CrN film caused by a high stress produced on the sliding surface 
can be prevented by increasing the hardness of the base material. 
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[00152] It was found from the results described above that as the materials 
for the slipper and the slant plate, the combinations of the nitrided SUS403 
material, the Al-Si alloy, the copper alloy, the material with the TiN coating film 
or the material with the CrN coating film for the slipper and the nitrided 
SCM435 or the casing iron for the slant plate satisfy the seizing resistance above 
the maximum surface pressing pressure (7.9 MPa) produced in the actual pump. 

[00153] Wearing tests using an actual pump were conducted in the 
combinations of the slipper and the slant plate materials described above. An on- 
bench engine test was conducted to evaluate the wear resistance by assembling 
the slant plate and the slipper made of the various kinds of materials in an 
actual pump. The test was performed under test conditions of fuel temperature 
of 95°C, lubricating oil temperature of 135°C, fuel pressure of 7 MPa, and pump 
rotation speed 400 r/min. As the result, wearing caused by slipping between the 
slipper and the slant plate was hardly observed, and was a very small value (0 to 
2 um) not becoming a problem as the pump. 

[00154] Next, the wear resistance in the spherical sheet portions of the 
slipper 10 and the plunger 11 was evaluated. As the result, wear was caused in 
the slipper sphere side due to slipping with the plunger (nitrided SKDll), and 
remarkable difference appeared among the materials. 

[00155] FIG. 18 is a graph showing the relationship between the change 
(amount of wear) in the height of the slipper spherical surface and the enduring 
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time, and shows the wearing test results using the actual pump obtained by 
combining the nitrided material of SUS403, the Al-Si alloy, the iron group 
sintered material (with the oxide film) for the slipper and the FCD450ADI for 
the slant plate. It can be understood from the relationship between the amount 
of wear in the slipper spherical surface for each of the material and the enduring 
time that there exist remarkable differences among the materials. That is, the 
amount of wear for the Al-Si alloy is as large as 40 to 140 (am, and the amounts 
of wear for the iron group sintered material and for the nitrided material of 

p SUS403 are small. The reason why the amount of wear of the spherical surface 

i 

s p side of the Al-Si alloy is large is that since the spherical surface side slides in line 

C3 

Cfj contact on the hard nitrided SKD 11 material of the plunger, the wear causes on 

p the soft Al-Si alloy. At that time, hard lumps of initial crystal Si and very small 

m particles of eutectic Si become abrasive powder to accelerate abrasive wear. It is 

m 

Q important to reduce the amount of the abrasive wear, and in order to do so, it is 

rr 

necessary to increase the hardness of the slipper material. The evaluation 
results of FIG. 18 also show the above fact. 

[00156] As a factor influencing on the wear resistance in sliding of the 
spherical sheet portions of the slipper 10 and the plunger 11, there is 
temperature of the environment, that is, temperature of the lubricating oil of 
engine oil. A warranted temperature of engine oil in an actual pump is 140°C. 
However, by taking a safety factor into consideration, it is necessary to maintain 
the wear resistance in a temperature range above the warranted temperature. 
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Therefore, using the slippers made of the iron group sintered material (with the 
oxide film) and made of the nitrided material of SUS403 which had have good 
wear resistance in the material combination of the actual pump test on the on- 
bench engine, the effect of engine oil temperature on the wear resistance was 
evaluated through component wear tests. 

[001 57] The test was performed using a wear tester of Matsubara's type by 
setting a slipper to a rotating side jig and a plunger to a fixed jig in an enclosed 
container, and adding a load to the fixed jig. The test atmosphere was set to a 
nitrogen gas environment, and the pressure was controlled to 3.5 MPa. The test 
\* conditions were slipper rotating speeds of 15 and 60 r/min, testing time of 120 
!| min, load of 1.08 kN, and lubricating oil temperature was varied from 30 to 
| 160°C. 

m 

^ [00158] FIG. 19 is a graph showing the effect of engine oil temperature on the 
[ft friction coefficient between the plunger made of nitrided material of SKD11 and 

rii 

(0 the slippers made of the iron group sintered material (with the oxide film) and 

Q 

fU made of nitrided material of SUS403. In the case of the slipper made of nitrided 
material of SUS403, the effect of engine oil temperature on the friction 
coefficient increases as the oil temperature is increased. On the other hand, in 
the case of the slipper made of the iron group sintered material (with the oxide 
film), the friction coefficient does not change and keeps a constant value of nearly 
0.1 even if the oil temperature is increased. 
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[00159] FIG. 20 shows an example of a cross-sectional structure of the slipper 
made of the iron group sintered material (with the oxide film) used in the 
present invention. The gray-colored oxide film is formed on the surface and on 
the base material surface in contact with holes in the inside, and the base 
material is of the pearlite structure. The reason why the friction coefficient of the 
iron group sintered material (with the oxide film) is small and does not largely 
change when the oil temperature rises is considered that the friction force is 
reduced by existing of the oxide film formed through the steam treatment, and 
that the lubrication effect supplementing decrease of oil film in the friction 
surface due to temperature rise by the oil retaining effect of the holes specific to 
the sintered material. On the other hand, in the case of the nitrided material of 
SUS403, the friction force is increased because both of the friction surfaces are 
smooth surfaces, and accordingly there is no lubrication effect described above. 
As shown in the figure, there were 5 holes having size of 5 to 20 \im within a field 
of view of 100 (am x 70 |am. 

[00160] From the results described above, it was known that the slipper 
made of the iron group sintered material (with the oxide film) was more stable 
than the slipper made of the nitrided material of SUS403 up to the high 
temperature range of the engine oil. Therefore, the suitable material for the 
slipper is the iron group sintered material (with the oxide film) which is good in 
wear resistance up to the high lubricating oil temperature range above the 
warranted oil temperature of actual pump. Further, the iron group sintered 
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material is preferable from the viewpoint of productivity since the iron group 
sintered material is good in productivity and low in cost. 

[001 61] On the other hand, the FCD450ADI is used for the slant plate. The 
other materials applicable to the slant plate are the mechanical structural alloy 
steels and the surface treated materials of the mechanical structural alloy steels. 
For example, as the surface treated materials of the mechanical structural alloy 
steels, the carburization quenched material of the chromium-molybdenum steel 
|U SCM415, the nitrided material of the chromium-molybdenum steel SCM435 and 

b 

O so on are used. Thus, the specification for the materials satisfying the seizing 

m 

*J* resistance between the slant plate 9 and the slipper 10 under the high peripheral 
I' I speed sliding condition and the wear resistance in the sliding between the 
P spherical sheet portions of the slipper 10 and the plunger 11 required as the fuel 
fU pump has been found. 

m [00162] Next, as the main members which are operated and slid in the fuel, 
and are required corrosion resistance and wear resistance, there are the plunger 
of the pressurizing member of the pump chamber and the cylinder bore of the 
cylinder having the sliding bore for reciprocally and slidably supporting the 
plunger. Particularly, the radial gap between the plunger and the cylinder is 
designed to be smaller than 10 ^im because of minimizing the fuel leakage from 
the pressurizing chamber. Therefore, if the radial gap is increased due to wear, 
the pump performance will be decreased. 
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[00163] Further, the plunger is required to be corrosion resistant and wear 
resistant in the sliding portion with the shaft seal for sealing the fuel and the oil. 
The wear in the sliding portion is undesirable because if the fuel leaks to the oil, 
the oil is diluted to deteriorate the lubrication performance and also to degrade 
the fuel economy. 

[00164] Therefore, the material structures of the plunger and the cylinder 
block are determined as follows. Since the outer radial portion of the plunger 
initially slides on the cylinder bore under a line contact condition, the outer 
radial portion of the plunger receives a high surface pressing pressure (Hertz 
stress). Therefore, the material is preferably of high hardness. As the materials 
used for the cylinder block, quenched-and-tempered martensitic stainless steel of 
SUS440C or SUS420J2 is used. The martensitic stainless steel is good in 
productivity because it can be formed into the product-shape through pressing 
work. Further, the alloy tool steels such as the quenched-and-tempered material 
of SKD61, the quenched-and-tempered material of SKDll and so on are also 
usable. The materials SUS440C and SUS420J2 are hardened to Hv 500 to 700 by 
quenching and tempering. Further, the materials SUS440C and SUS420J2 are 
good in corrosion resistance because of stainless steels. 

[001 65] However, if the sliding condition between the cylinder block becomes 
severer due to the combination with a kind of the material of the plunger, an 
abnormal wear may occur between the plunger and the cylinder bore due to 
insufficiency of hardness of the above-mentioned base material of the cylinder 
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block. Therefore, in order to improve the wear resistance of the cylinder block by 
further hardening the hardness of the above-mentioned base material, the 
material of the cylinder block is surface treated. The same can be said to the 
material of the plunger. Since the plunger is exposed to a surface pressing 
pressure higher than that of the cylinder block, the material of the plunger is 
surface treated in order to improve the wear resistance by further hardening the 
hardness. 

[001 66] In the present embodiment, each of the surface structures of the 
cylinder bore of the cylinder block and the plunger is that a diffusion surface 
treated layer is formed in the base material. 

[001 67] In regard to the surface treatment, the ion nitriding treatment is 
unsuitable for forming a uniform nitrided layer in the cylinder bore because the 
regions not producing glow discharge exist in a narrow portion. Therefore, the 
low temperature nitriding treatment using a salt-bath was applied to nitrided- 
layer forming of the diffusion surface treated layer of the cylinder bore. 
[00168] That is, the nitriding treatment not deteriorating corrosion 
resistance (hereinafter, referred to as the low temperature nitriding treatment) 
was applied to the nitrided-layer forming of the diffusion surface treated layer. 
Forming of the nitrided layer at a temperature below 450°C forms S-phase, and 
prevents Cr in the base material from forming nitride. As the method of forming 
the nitrided layer at low temperature, there is a treating method using gas or 
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using a salt bath. However, the nitrided layer formed through the treating 
method has a thin treated depth because the nitriding temperature is low. 
Therefore, the nitriding method described above is unsuitable for forming the 
nitrided layer in a sliding mechanism portion to which a high load (stress) is 
applied. 

[001 69] FIG. 21 is a graph showing the hardness distribution of the cylinder 
bore portion of a cylinder block made of the alloy tool steel (7%Cr-Mo-V steel) 
which is low-temperature nitriding treated using the salt bath. The treating 
condition is treating temperature of 450°C and treating time of 2 hours. The 
nitrided layer formed has a high hardness value of about Hv 1200 at a position of 
10 |am from the surface and a total hardened depth of about 0.03 mm. No s-phase 
of Fe nitride called as the brittle white compound is formed on the surface. 
Therefore, the wear resistance at sliding on the plunger can be secured. 
[001 70] The corrosion resistance has been shown in FIG. 6. Both of the 
natural potential and the pitting corrosion potential of the low-temperature 
nitriding treated SKD11 and SUS420J2 materials are nobler potentials 
compared to those of the other comparative materials or the general nitrided 
materials. Therefore, the low-temperature nitriding treated SKD11 and 
SUS420J2 materials are good in corrosion resistance. 

[00171] An endurance test was conducted using the actual slant-plate type 
axial plunger pump of FIG. 13 having the construction described above. As the 
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result, the pump was operated without any abnormality, and the performance of 
gasoline delivery flow rate was also stable. After the endurance test, the pump 
was disassembled to inspect the components in the fuel chamber. As the 
inspection result, each of the components was in a normal wear condition 
without any abnormal wear. 

[00172] It can be understood from the above-mentioned results that in the 
pump constructed of the slant plate made of the casting iron; the slipper made of 
the iron group sintered material (with the oxide film); the plunger made of the 
nitrided SKD11 material; and the cylinder made of the low -temperature nitrided 
alloy tool steel of the present embodiment, sticking between the sliding parts 
hardly occurs, and the wearing resistance is improved. By these good 
characteristics, the wearing resistance under the severe environment is 
improved, and accordingly the targeted fuel pump can be obtained. 

[00173] [Embodiment 4] 

[00174] FIG. 22 is an enlarged cross-sectional view showing the details of a 
part of the fuel pump shown in FIG. 13. Description will be made on another 
embodiment in which corrosion resistance and wear resistance of the sliding 
mechanism portions in the slant plate type axial plunger high pressure pump of 
FIG. 13 are required to be further improved. Gasoline flows through in order of 
the suction space 15, the communicating passage A 16, the backfacing 51 
provided in the cylinder 12, and then the communicating passage A 16, the inlet 
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hole 19, the suction valve toward the inside of the plunger 11, in this order, to be 
pressurized. Therein, the seal 17 arranged in the cylinder 12 seal the fuel from 
the oil when the plunger 11 is reciprocally moved. The present embodiment copes 
with the wearing of the seal 17 (an elastic body, for example, a rubber member) 
and the plunger, and the wearing of the plunger 11 and the cylinder bore 13. As 
the sliding mechanism portion required to be corrosion resistant and wear 
resistant, a corrosion resistant and wear resistant hard film 11a was formed on 
, . the topmost surface of the plunger 11. In order to form the corrosion resistant 
p and wear resistant hard film, the physical vapor deposition method capable of 

=P forming a fine coating film having highly adhesive force under a low temperature 

□ 

~ : range such as the ion plating method can be employed. The method is not limited 

to the above. For example, the arc ion plating method, the hollow cathode 
rjj method, the arc discharge method or the sputtering method may be employed. 
a The material of the coating film is selected from TiC, WC, SiC as carbides, TiN, 

ru 

ON, BN, TiAIN as nitrides, TiCN as carbonitrides, and so on depending on the 
purpose. 

[00175] From the corrosion resistance of the corrosion resistant and wear 
resistant hard film in FIG. 6, both of the natural potential and the pitting 
corrosion potential of the hard films are nobler potentials. Therefore, the hard 
films are good in corrosion resistance. The hard film has an effect to suppress the 
metal transfer bonding phenomenon caused between the hard film and another 
material and to prevent sticking and seizing phenomenon, and has a small 
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friction coefficient to prevent initial wear, normal wear and seizing. Accordingly, 
the effect of corrosion wear was small. Thereby, the components can be operated 
as the sliding members in the fuel under the severe corrosion environment. 
[001 76] In the present embodiment, a corrosion resistant and wear resistant 
hard film was formed on the surface treated layer 11a of the plunger 11. The 
alloy tool steel SKD11 was selected as the base material, and the hard film of 3 
|j.m thick was formed on the surface. The other sliding portions were the same as 
those in the first embodiment. An endurance test was conducted using the actual 
slant-plate type axial plunger pump of FIG. 13 having the construction described 
above. As the result, the pump was operated without any abnormality, and the 
performance of gasoline delivery flow rate was also stable. After the endurance 
test, the pump was disassembled to inspect the components in the fuel chamber. 
As the inspection result, each of the components was in a normal wear condition 
without any abnormal wear. On the other hand, in the pump using untreated 
components, a little amount of wear was observed in the outer surface of the 
plunger 11 and in the sliding portion of the seal 17. 

[00177] From the results described above, in the pump constructed in the 
present embodiment, sticking between the sliding portions hardly occurred, and 
the wear resistance was improved. Since the surface treated layer of the plunger 
is composed of the corrosion resistant and wear resistant film and the diffusion 
surface treated layer, the plunger has characteristics that flaking hardly occurs 
even under high surface pressing pressure, and the corrosion resistance is good. 
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By these good characteristics, the wearing resistance under the severe 
environment is improved, and accordingly the targeted fuel pump can be 
obtained. 

[00178] [Embodiment 5] 

[00179] FIG. 23 is a cross-sectional view showing an embodiment of an 
internal combustion engine of a gasoline in-cylinder direct fuel injection type for 
vehicle which uses the fuel pump according to any one of the embodiment 1 to 4. 
An end portion of a fuel injector 61 provided in a cylinder head 70 is opened to a 
combustion chamber 74 so that fuel supplied from a fuel gallery can be directly 
injected into the combustion chamber 74. In the present embodiment, the engine 
comprises the high pressure fuel pump for supplying fuel to the fuel injector 61 
in order to atomize gasoline to be burned in an ultra lean burn condition and 
directly inject the fuel into the engine cylinder. 

[00180] A spark plug 63 is arranged between an intake valve 64 and an 
exhaust valve 65, and a mixture of intake air sucked through an intake air port 
66 by movement of a flat piston 68 during opening the intake valve 64 and fuel 
injected from the injector 61 is started to be burned by ignition caused by electric 
spark. The gas after combustion is discharged through the exhaust valve 65 by 
movement of the piston 68 during opening the exhaust valve 65. 

[00181] A fuel injector driving circuit 62 is electrically connected to an 
injector driving signal terminal 71 of the fuel injector 61. Further, an electronic 
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control unit (ECU) 69 for outputting a fuel injector driving trigger signal and a 
signal for determining whether or not the fuel injector is driven so as to shorten 
operation lag of the valve body is electrically connected to the fuel injector 
driving circuit 62. Operational states of the engine are input to the electronic 
control unit 69, and the fuel injector driving trigger signal is determined 
corresponding to the operational states. 

[00182] The amount of air supplied through the intake port 66 is controlled 
by two magnetic means M moved by being interlocked with an accelerator. 
Hydrocarbons, carbon monoxide and NOx are removed from the exhaust gas 
after combustion using a ternary catalyst of a low oxygen storage type 72, and 
NOx is further removed a lean NOx catalyst 73. In the present embodiment, the 
fuel from the fuel injector 61 is atomized to ultra-fine droplets having a diameter 
below 25 ixm, preferably below 15 um, particularly preferably 10 |xm to be 
injected into the engine cylinder, and the engine is operated under an ultra-lean- 
burn condition of air-fuel ratio of 50. 

[00183] A catalyst having Pt or Pt and Ce on an alumina carrier is used as 
the ternary catalyst 72, and a catalyst having Pt or Pt and oxides of Na and Ti on 
an alumina carrier is used as the NOx catalyst 73. 

[00184] The total structure of the fuel injector 61 is as follows. It is mounted 
on the cylinder head 70. That is, the fuel injector 61 is fixed to a housing, and 
comprises a core, a coil assembly, an armature and a swirler valve unit which is 
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supported by one end of the housing with caulking. Further, the valve unit 
comprises a stepped hollow cylindrical valve main body having a smaller 
diameter cylindrical portion and a larger diameter cylindrical portion; a valve 
sheet having a fuel injection hole, the valve sheet is fixed to a center hole chip 
inside the valve main body; and a needle valve of a valve for opening and closing 
the fuel injection hole by contacting with and detaching from the valve sheet 
driven by a solenoid device. There are two O -rings arranged in the fuel pressure 
applied side in contact with the bottom surface of the coil assembly and inside a 
S space surrounding the housing and the core. The diameter of the fuel injection 

It hole is 0.8 mm. 

KJ 

; ! ; jj [001 85] The operation of the fuel injector will be described below. When the 

q coil is energized, a magnetic flux is generated in the magnetic circuit composed of 

fil the armature, the core and the housing to attract the armature toward the core 

I 

P side. Then, when the needle valve integrated with the armature into a single 

ru 

body is detached from the valve sheet to form a gap, the high pressure fuel 
enters into the injection hole of the valve sheet to be atomized into ultra-fine 
droplets and sprayed through the chip end outlet of the injection hole. 

[00186] Further, the fuel injector 61 is projected toward the inside of the 
cylinder head by 2 to 10 mm. 

[00187] Particularly, the valve main body, the valve sheet, the needle valve 
and the swirler are manufactured by performing cold plastic work of l%C-16%Cr 
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ferritic stainless steel of JIS standard type SUS44C, and annealing the 
workpiece, and then machining the workpiece into the final shape. The diameter 
of the fuel injection hole is 0.8 mm, and the circularity of the inner diameter is 
below 0.5 |im. 

[00188] Description will be made below on a method of forming an organic 
coating film on the chip end portion of the fuel injector 6, and on the effect of the 
organic coating film. The present embodiment is a fuel injector having an organic 

1* coating film of 1.5 to 8 nm thick the fuel injection hole and its vicinity or having 

O 

C3 an organic coating film on the surface of the fuel injection hole. The fuel injector 

(0 

% can be obtained by satisfying one or combination of two or more of the following 

LJ 

tfi 

\j requirements that the injection hole has a bore capable of atomizing the fuel to 

s ■ 

£3 droplets having a diameter below 20 \im; that the bore of the injection hole 

ru 

W described above is with in a range of 0.3 to 0.8 mm; and that the injection hole 

m 

J*: and the vicinity described above are made of a ferritic stainless steel containing 
C of 0.6 to 1.5%, Si below 1%, Mn below 1.5% and Cr of 15 to 20% on a weight 
basis. 

[00189] The organic coating film is bonded by covalent bond with the base 
metal, and the thickness is preferably 1.5 to 30 nm, particularly preferably 1.5 to 
10 nm, and the best thickness is 1.5 to 7 nm. 

[00190] As the usable organic films, there are films which are formed under 
glow discharge of perfluoropolyether compound, tetrafluoroethylene monomer, 
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silicone resin, polyamide resin and so on, and obtained by a solution of Teflon 
resin, metallic alkoxide and fluoroalkyl group substituent alkoxide. 

[00191] The present embodiment is a direct fuel injection engine comprising 
a cylinder head having an intake means and an exhaust means in a combustion 
chamber; a piston reciprocally moving inside the cylinder head; a fuel injection 
means arranged so that fuel can be injected into the combustion chamber; and an 
ignition means for igniting the fuel injected from the fuel injection means, 
wherein the above-described fuel pump and the above-described fuel injector can 

b 

P be used. 

m [00192] Further, the present embodiment is a direct fuel injection engine 

m 

H comprising a cylinder head having an intake means and an exhaust means in a 
If. combustion chamber; a piston reciprocally moving inside the cylinder head; a 

IJi fuel injection means arranged so that fuel can be injected into the combustion 

.fy chamber with lean-burn controlling of air-fuel ratio above 45; and an ignition 
means for igniting the fuel injected from the fuel injection means, wherein the 
above-described fuel injection means has an organic coated film on the surface of 
the injection hole for spraying the fuel and the vicinity of the injection hole, and 
the above-described fuel pump is used. 

[00193] According to the present embodiment, it is possible to prevent 
deposits produced by burning of gasoline from attaching onto the surface of the 
fuel injector of the direct injection engine, and particularly it is possible to 



- 66- 



Docket No.: 381NP/50923 

perform the ultra-lean burn control of the air-fuel ratio above 45, and accordingly 
it is possible to attain a high fuel economical vehicle. 

[00194] According to the present invention, there is a remarkable effect of 
preventing occurrence of seizing and abnormal wear in the fuel pump by 
combining material constructions of the sliding components in fuel, particularly, 
in the component sliding with the plunger, and by forming the seizing resistant, 
wear resistant and corrosion resistant coating film on each of the sliding 
mechanism components. Therefore, the high reliable high-pressure fuel pump 
can be provided, and the remarkable effect can be obtained in the in-cylinder 
direct fuel injection of the lean-burn engine for vehicle. 

[00195] The foregoing disclosure has been set forth merely to illustrate the 
invention and is not intended to be limiting. Since modifications of the disclosed 
embodiments incorporating the spirit and substance of the invention may occur 
to persons skilled in the art, the invention should be construed to include 
everything within the scope of the appended claims and equivalents thereof. 
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